Abstract: Methods and techniques used to capture and analyze beam profiles produced from the interaction of intense, ultrashort laser pulses and ultrathin foil targets using stacks of Radiochromic Film (RCF) and Columbia Resin #39 (CR-39) are presented. The identification of structure in the beam is particularly important in this regime, as it may be indicative of the dominance of specific acceleration mechanisms. Additionally, RCF can be used to deconvolve proton spectra with coarse energy resolution while mantaining angular information across the whole beam.
Introduction
Laser driven ion acceleration is an area of research which has received significant interest [1] in recent years in view of the continuous advances in high power laser technology and of the possible applications in a range of areas including medical treatments [2] and nuclear fusion [3] .
In addition to the well established Target Normal Sheath Acceleration (TNSA) mechanism [4, 5] , the investigation of potentially more efficient processes such as Radiation Pressure Acceleration (RPA) and transparency enhanced acceleration (also referred to as Break Out Afterburner (BOA)) have motivated an intense experimental activity employing ultrathin foils (with thickness down to the nm range). Investigating these regimes in interactions employing ultrashort laser pulses (10's of fs) is of particular interest [6] [7] [8] , as the relevant Ti:Sapphire (Ti:Sa) systems are inherently more compact and suitable for operations at high repetition, which are important features in view of potential applications. The ion beams in such experiments are primarily diagnosed using Thomson Parabola Spectrometers (TPS) coupled to image plate (IP) or micro-channel plate (MCP) detectors, providing energy-resolved ion spectra for different ion species [9] [10] [11] . However, measurements of the beam profile are also very important, as specific spatial/angular characteristics may be indicative of different acceleration regimes, and may help in isolating the dominant mechanism. For example, regular transverse modulations are characteristic of an unstable radiation pressure drive [12] [13] [14] , while features associated to relativistic transparency regimes include beam elongation along the laser polarization direction [15] , ring structures in the beam [16] , as well as angularly separated 'double' beams for oblique incidence [17, 18] .
Here, we present an overview of methods and techniques we used in recent campaigns aimed to characterize ion beams generated from the interaction of ultrashort, high-power laser pulses with ultrathin solid targets, with particular attention to the characterization of the beam profile. While the techniques presented are well established and generally applied over a broad range of interaction conditions (see [1] and references within), we will discuss how these are implemented in experiments investigating the interaction of intense, ultrashort pulses with ultrathin foils, and highlight the diagnostic requirements set by some specific aspects of the ion beams accelerated under these conditions, namely the structured nature of the beams and their multispecies composition where protons and higher-Z species can reach comparable energies per nucleon.
We refer in particular to measurements carried out on the Astra GEMINI Ti:Sa laser system at the Rutherford Appleton Laboratory, STFC, United Kingdom. The laser of wavelength λ, 800 nm, delivered 6-7 J energy on target within a pulse of 45 fs full width at half maximum (FWHM) duration τ, after being reflected off a double plasma mirror [19] . The laser was focused on the target at normal incidence by an f /2 off-axis parabolic mirror, reaching peak intensity up to 3×10 20 Wcm −2 . Amorphous carbon targets of thickness 2.5-100 nm were irradiated and the main species accelerated were protons and carbon ions. The energy spectra of the ions from the interaction were diagnosed by TPSs coupled to micro-channel plate (MCP) detectors, typically with an acceptance angle of ∼100 nsr. The spatial profile of the ion beam, with coarse energy resolution, was recorded with stacks of RCF and CR-39.
Detectors and Processing Techniques

Radiochromic Film
Gafchromic Radiochromic Film (RCF) is a self developing film which measures the dose deposited within its 'active layer', embedded in clear plastic. The optical density of the active layer instantly changes upon exposure to ionizing radiation and needs no chemical or physical treatment for development [20] . RCF stacks are commonly used as a diagnostic in high power laser experimental campaigns since they can provide information on the energy, transverse profile and structure of the accelerated ion beams [21] [22] [23] [24] . In the experiments presented in this article HD-V2 [25] and EBT2 [26, 27] types were used as their different sensitivity allows to diagnose the beam over the large differences in particle density present across the spectrum.
Within a stack of RCF such as in Figure 1 (a), since ions deposit a fraction of their energy in all the RCF layers they penetrate through before being stopped, each RCF layer in the stack can be correlated to a particular proton energy range, whose lower limit is defined by the energy of protons whose Bragg peak occurs in its active layer. The proton and carbon energy loss and penetration depth were calculated using a Monte Carlo code SRIM (Stopping and Range of Ions in Matter) [28] and are shown in Figures 1 (b) and (c) respectively. The energy response of each layer was then calculated, as labelled in Figure 3 (a).
Single HD-V2 and EBT2 layers were calibrated against known doses at the Birmingham cyclotron (10 mm diameter proton beam of energy 29 MeV±1% [29] ) as shown in Figure 2 . The RCFs were scanned with a standard optical scanner (Epson Perfection V750 Pro) in transmission mode providing 48 bit images comprising of three 16 bit colour channels, with a resolution of 1200 ppi. A sixth order polynomial fit was obtained for the known dose layers for each channel and a code written in Matlab then converted the RGB value of each pixel in a scanned RCF into dose (in Gy) using the curves shown in Figure 2 .
A limitation with RCF is that the signal from different ion species cannot be differentiated, and in the first few layers of the stack, under our experimental conditions, the ion signal will contain contributions from both protons and carbon ions. There is also a diffuse low dose signal from x-rays, gamma rays and high energy electrons which, however, can be identified and subtracted digitally.
Quantitative information on energy-resolved proton and carbon fluence can be obtained using a TPS, but as mentioned above, this diagnostic typically selects only a small sample of the beam (∼100 nsr). However, the often structured nature of the ion beams from ultrathin foil interactions makes a more extensive assessment of the flux and spectrum across the beam particularly relevant. Alternatively to TPS, spectra can also be obtained using RCF, with lower energy resolution but the ability to sample across the entire beam profile [30, 31] . A deconvolution procedure is needed to obtain the particle spectrum, as described, for example, in Section III D of Reference [32] , as well as in [33] and [34] .
CR-39
CR-39 is a solid state nuclear track detector [35] , composed of a plastic polymer (C 12 H 18 O 7 ) with density 1.3 g/cm 3 . CR-39 is also used extensively in laser-driven ion acceleration experiments due to its capability of recording directly, the absolute number of ions. Carbon ions and protons create small damage tracks when stopped in CR-39; after irradiation these tracks are revealed and enlarged by a chemical etching process. The surfaces of the etched samples are observed under an optical microscope and the location, size and number of tracks are recorded. CR-39 is insensitive to x-rays and electrons and can distinguish between different ion species (e.g. carbon ions and protons in our case), as for equal etching time, pit size varies for different ions [36] [37] [38] .
The number of particles on CR-39 can be counted to obtain a particle fluence, distinguishing between carbon and proton ions according to the pit size. By capturing many images across the surface of CR-39, one can obtain a spatial profile of the particle density across the beam. However, in many cases and especially for low energy ions, the surface of the CR-39 can be saturated (typically for fluences ∼ 10 8 particles/cm 2 and above); in this scenario, even after 30 seconds of etching the carbon pits are indistinguishable due to the high particle density. Despite this, qualitative information on the carbon beam (e.g. beam shape, divergence, broad structure) can be obtained from an optical inspection of the CR-39.
CR-39 is etched in a 6.5 mol NaOH solution kept at ∼ 85 • C. Etching typically takes less than five minutes and more than ten minutes respectively for carbon and proton pits to be detectable with a ×50 microscope. Overetching can occur in CR-39, where pits overlap and become indistinguishable. The time taken to overetch will depend on the particles' density per unit surface and pit size. Some species may be overetched before other species are detectable [39, 40] .
In a stack composed solely of layers of CR-39, the high energy cut-off for protons can be determined by identifying the last layer containing proton pits [41, 42] . Using a multi-step etching technique, the high energy cut-off for both protons and carbons can be identified. By etching the CR-39 pieces for less than 5 minutes, only carbon ions will be visible, so the last layer containing signal can be recorded. After the cut-off of carbon ions is identified, further etching shows proton pits. Typically, protons travel further into the stack and later layers which had no signal from carbon ions will show signal from protons.
Application to Experiments
RCF
An example of RCF data obtained in this campaign is shown in Figure 3 , displaying a profile which varies significantly for different proton energies. At low energy, a ring like structure is visible in the beam profile whereas at higher energies the protons are concentrated in a dense, low divergence component (e.g. Figure 3 (b) and (c)). Such a ring structure has been connected to the onset of relativistic transparency under similar interaction conditions [15] .
For the stack shown in Figure 3 , a cut off proton energy of 20.8 ± 0.5 MeV can be identified, corresponding to the average of the proton energy having its Bragg peak in the last RCF film with signal (layer 22) and the one corresponding to the following RCF film (layer 23). In the experimental conditions where the data of Figure 3 was obtained and for the same target thickness and laser polarization, the maximum energy of carbon ions detected on the TPS was < 10 MeV/u, therefore through stopping calculations one could assume reliably that, beyond the 3rd HD-V2 layer, protons (of energy 7.6 MeV and higher) would be the only particles contributing to the ion signal in the stack. For the stack shown in Figure 3 , a reliable spectral fluence can therefore be deconvolved for proton energies greater than 7.6 MeV. Figure 4(a) shows the spectra obtained from RCF (selecting an aperture of 2 msr, as marked on Figure 4 (b)) compared with a spectrum obtained from the TPS which selects an aperture of 0.1 msr along the laser axis under similar conditions. The spectrum from region I shows a higher fluence for lower energy protons and also a lower maximum energy cut off. The spectrum from region II is quite similar to that obtained from the TPS, as expected, since both are from approximately the same location on similar shots. show where the spectra were taken from through the stack. Region I is aligned with the highest dose on layer 3. Region II is aligned with the axis of the high energy component of the proton beam (see Fig. 3 ).
CR-39
Stacks composed solely of 500 µm-thick CR-39 (with an initial 9 µm Al filter) could determine the high energy cut-off for both protons and carbons. Figure 5 shows CR-39 taken from a shot where more efficient acceleration was achieved than in the shot of Figure 3 . It can be seen that there are no carbon ions on the front surface of layer 5 since no pits were detected after 4 minutes of etching. In the shot shown in Figure 5 , protons travelled to the 7th layer in the stack. In this particular shot, the cut off energies for carbon ions and protons were determined as 26 ± 2 MeV/u and 21.9 ± 0.8 MeV respectively, which is indicative of very efficient volumetric acceleration, a peculiar feature of this interaction regime. 
RCF and CR-39 layers
The capability of providing independent profiles for carbon ions and protons is an important feature of this diagnostic approach, in view of the characterization of volumetric acceleration in this specific regime. Coarse beam profiles can be obtained from CR-39 for carbon species and this can be compared to the profiles obtained from RCF. In cases where the particle flux was too high to obtain quantitative data from CR-39, it was useful to etch for a short period of time (<3 minutes) to obtain a coarse beam profile for low energy carbon ions (<10 MeV/u) as shown in three shots in Figure 6 (a) which have contrasting beam profiles. It was generally observed throughout the experiment that protons and carbon transverse profiles displayed similar broad characteristics at comparable energy per nucleon, as also indicated by particle-in-cell (PIC) simulations of the acceleration process [12] .
Under the right conditions it is possible to obtain in the same shots independent quantitative lineouts for carbon ions and protons at comparable energy/nucleon (∼ 6 MeV/u for carbon and ∼ 8 MeV for protons), from CR-39 (front surface layer 2) and RCF (layer 3) respectively, as shown in Figure 6 (c). This was possible since the CR-39 layer, (which captured carbon ions with energies from 5.6 -14.4 MeV/u) was etched for 4 minutes to reveal carbon ions only and for this particular shot the maximum proton energy was 13.6 MeV; with this relatively low maximum proton energy it is unlikely that there were carbon ions with energy greater than 14.4 MeV/u so we can safely assume that the carbon ions stopped in the CR-39 layer and did not contribute to the signal in RCF layer 3 i.e. Fig 6(b) . The ringed structure in the low energy carbon profile is similar to that shown in the first RCF layers in Figure 3 which may be again indicative of a relativistic transparency regime. With appropriate positioning of CR-39 in the stack and suitable choice of the CR-39 thickness, this capability of obtaining simultaneous profiles of carbon ions and protons at comparable energies can be extended to higher energies. 
Conclusions
Interactions of high intensity, ultrashort laser pulses with ultrathin (nm scale) foils are characterized by efficient acceleration not only of protons, but also of higher-Z ions (e.g. C 6+ when employing carbon foils), which can reach similar energies per nucleon. The beam profile is typically structured, unlike the smoother beams obtained from TNSA from thicker foils, and the characteristics of the structure are often particular to an acceleration process [1] and can therefore provide important information. In this paper we have discussed the implementation of approaches which provide spatially/angularly resolved information on the beam profile, including spectral information which complements and support TPS diagnostics. While these methods are well established, applying them in this specific context requires some additional consideration and care in order to obtain meaningful information.
